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DESCRIPTION 

NITRIDE SEMICONDUCTOR DEVICE AND PRODUCTION METHOD THEREOF 

5 TECHNICAL FIELD 

The present invention relates to nitride semiconductor 
devices. In particular, the present invention relates to: 
nitride semiconductor devices including semiconductor light- 
emitting devices, whose applications to photoelectronic 
10 information processing devices and illuminating light sources 
are considered promising, as well as bipolar-type 
transistors; and a production method thereof. 

BACKGROUND ART 

15 III-V group nitride semiconductors which contain 

nitrogen (N) as their V group element are regarded as 
promising materials for short-wavelength light-emitting 
devices, due to their large band gaps. Among others, 
vigorous researches are being directed toward gallium 

20 nitride-type compound semiconductors (GaN-type 



semiconductors: AlGalnN) , and blue light-emitting diodes 
(LEDs) and green LEDs have already been put to practical use. 
Moreover, for the sake of realizing large-capacity optical 
disk apparatuses, semiconductor lasers having an oscillation 
5 wavelength in the 400 nm band are being aspired for. 
Semiconductor lasers using a GaN-type semiconductor as their 
material are attracting attention, and are currently coming 
up to practical levels. 

GaN-type semiconductor lasers are disclosed in, for 
10 example, Japanese Laid-Open Patent Publication No. 10-126006; 
Japanese . Journal of Applied Physics, Vol.38, L226-L229 
(1999); physica status solidi (a) 194, No. 2, 407-413 (2002); 
and the like. 

Hereinafter, with reference to FIG. 1 and FIG. 2, 
15 conventional GaN-type semiconductor lasers will be described. 
First, FIG. 1(a) will be referred to. 

A semiconductor laser shown in FIG. 1(a) includes a low- 
dislocation ELO-GaN substrate 101, and a multilayer structure 
of nitride semiconductors epitaxially grown on the ELO-GaN 
20 substrate 101. The ELO-GaN substrate 101 is composed of a 



c. t 

thick GaN film which is produced through lateral epitaxial 
overgrowth . 

Beginning from the substrate 101, the semiconductor 
multilayer structure of FIG. 1(a) includes: an n-Alo.015Gao.985N 
5 contact layer 102; a Ga 0 . 95ln 0 .osN crack suppression layer 103; 
an n-Alo.15Gao.85N/n-GaN superlattice (SLs) cladding layer 104; 
a GaN optical guide layer 105; a Gao.86lno.14N/Gao.99Ino.01N 
multiple quantum well (MQW) active layer 106; a p-Al 0 .2oGa 0 .8oN 
capping layer 107; a GaN optical guide layer 108; a p- 
10 Alo.15Gao.85N/p-GaN-SLs cladding layer 109; and a p-GaN contact 
layer 110. Crystal growth of these semiconductor layers is 
performed by using metal-organic vapor phase epitaxy (MOVPE 
technique), for example. 

The semiconductor multilayer structure constructed as 
15 above is processed into a shape as shown in FIG. 1(a), with a 
p electrode 111, an SiC>2 layer 112, and an n electrode 113 
being formed thereon. 

FIG. 1(b) schematically shows a conduction-band 
structure of this semiconductor laser. The horizontal axis 
20 of FIG. 1(b) corresponds to the distance from the substrate 
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surface; the more toward the left side in the figure, the 
farther away from the substrate surface. The vertical axis 
• is the energy level at the lower end of the conduction band. 

A feature of this semiconductor laser is that, in order 
5 to suppress evaporation of In from the active layer during 
crystal growth and suppress overflowing of electrons from the 
active layer, the p-Al 0 .2oGa 0 .8oN capping layer 107 having the 
largest forbidden band width is formed immediately above the 
MQW active layer 106. 

10 Next, another GaN semiconductor laser will be described 

with reference to FIG. 2(a). 

Similarly to the semiconductor laser of FIG. 1(a), this 
semiconductor laser includes an ELO-GaN substrate 201 and a 
semiconductor multilayer structure formed thereon. The 

15 semiconductor multilayer structure includes an n-GaN contact 
layer 202, an n-Al 0 .o8Ga 0 .92N cladding layer 203, a GaN optical 
guide layer 204, a Gao.90Ino.10N/Gao.98lno.02N-MQW active layer 
205, a GalnN intermediate layer 206, an AlGaN intermediate 
layer 207, a p-Al 0 .i6Ga 0 .84N electron blocking layer 208, a p- 

20 Alo.15Gao.s5N/p-GaN-SLs cladding layer 209, and a p-GaN contact 
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layer 210. 

This semiconductor multilayer structure is processed 
into a shape as shown in FIG. 2(a), with a p electrode 211, 
an Si0 2 layer 212, and an n electrode 213 being formed 
5 thereon. 

A schematic diagram of a conduction-band structure of 
this semiconductor laser is shown in FIG. 2(b). A feature of 
this semiconductor laser is that, in order to minimize light 
absorption losses associated with the layers doped with p- 

10 type impurities, spacer layers called the GalnN intermediate 
layer 206 and the AlGaN intermediate layer 207 are formed 
between the MQW active layer 205 and the p-Al 0 .i6Ga 0 .84N 
electron blocking layer 208. Moreover, since the GalnN 
intermediate layer 206 and the AlGaN intermediate layer 207 

15 function also as optical guide layers, no p-type optical 
guide layers are formed, unlike in the semiconductor laser 
shown in FIG. 1(a) . 

Both GaN semiconductor lasers structured as above have 
been reported to attain continuous oscillation, with an output 

20 of 30mW at room temperature. 



However, in the semiconductor laser having the structure 
as shown in FIGS . 1(a) and (b) , the active . layer 106 having 
the largest lattice constant in the laser structure is in 
contact with the AlGaN capping layer 104 having the smallest 
5 lattice constant. Therefore, large strain is imposed on the 
active layer 106, so that the uniformity and reproducibility 
during the fabrication of the laser device are not very good. 

On the other hand, in the semiconductor laser having the 
structure as shown in FIGS. 2(a) and (b) , intermediate layers 

10 are inserted between the active layer 205 and the AlGaN 
electron blocking layer (which serves the same function as 
that of the AlGaN capping layer 107 of FIG. 1) . Therefore, 
the strain imposed on the active layer is effectively 
alleviated, thus resulting in an improved uniformity at 

15 fabrication of the laser device. 

What is common between these semiconductor lasers is 
that doping of acceptor impurities for realizing p-type 
crystals is begun when performing the growth of an AlGaN 
capping layer (AlGaN electron blocking layer) which has the 

20 largest band gap in the laser structure. 
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Usually in nitride-type semiconductors, magnesium (Mg) 
is often used as an acceptor impurity. It is known that Mg 
is associated with a phenomenon called "memory effect" at 
doping during crystal growth. The "memory effect" occurs due 
5 to a time lag from the point at which impurity doping is 
begun during crystal growth until the impurity which has been 
introduced to the crystal through doping is actually taken 
in. More specifically, when this memory effect occurs, the 
doping start position may be shifted from the intended 
10 position toward the crystal growth surface, and the 
concentration increase of the impurity concentration along 
the depth direction distribution may become draped rather 
than steep. 

Moreover, conversely to the above situation, the "memory 
15 effect" may cause a time lag from the point at which doping 
is finished during crystal growth until the taking-in of the 
impurity which is introduced to the crystal through doping 
actually ends. In this case, the doping end position may be 
shifted from the intended position toward the surface of the 
20 crystal growth layer, and the decrease in the Mg 
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concentration of the impurity concentration along the depth 
direction distribution may become draped rather than steep. 

If this memory effect occurs in the case where the start 
position of Mg doping is set at the start position of the 
5 growth of the AlGaN capping layer (AlGaN electron blocking 
layer) which has the largest band gap in the laser structure, 
the AlGaN capping layer (AlGaN electron blocking layer ) will 
have portions whose Mg concentration is locally lowered. 

In general, the activation energy of an acceptor 

10 impurity tends to increase as the band gap energy increases, 
i.e., as the Al mole fraction in the crystal increases. If 
portions having low Mg concentrations are created due to Mg 
doping lags associated with the memory effect, Mg will not be 
sufficiently activated in such portions, whereby the function 

15 of the AlGaN electron blocking layer will be degraded. 

In another conventional example described in Japanese 
Laid-Open Patent Publication No. 2000-143396, Al doping at 
2xl0 20 cm" 3 or less is performed when fabricating a p-GaN 
crystal (this is not to obtain a mixed crystal of AlGaN 

20 because it is only performed to a degree where the band gap 
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energy does not change from that of GaN) . It describes that 
the strain in the crystal associated with Mg doping is 
consequently alleviated, and the Mg as an acceptor impurity 
is effectively introduced to the positions of Ga atoms in the 
5 GaN crystal, thus obtaining a high hole concentration. 
However, even if Al doping is performed, the Mg concentration 
in itself has a constant value. Although the activation rate 
of the acceptor will be improved and a high hole 
concentration will be realized by controlling the optimum Al 
10 concentration, there is no descriptions concerning 
suppression of the memory effect at the doping interface, or 
any acceptor impurity profile having a high controllability 
and steepness. 

In still another conventional example which is described 
15 in Japanese Laid-Open Patent Publication No. 2002-198314, in 
order to improve the steepness of the Mg doping profile, a 
multi-hetero structure ( superlattice structure) of AlGaN 
layers/GaN layers or GalnN layers/GaN layers is fabricated 
and doped with Mg. According to this method, even if uniform 
20 Mg doping is performed, at the hetero interface between a GaN 
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layer and an AlGaN layer or between a GaN layer and a GalnN 
layer, the Mg concentration has a local increase near the 
interface of the AlGaN layer or the GalnN layer that is 
closer to the substrate (closer to where the growth is 
5 begun) . By utilizing this phenomenon where the Mg 

concentration is locally increased, interfaces are abundantly 
formed in order to improve steepness. However, although this 
method provides an improved steepness, Mg doping lags still 
occur in the AlGaN layers (which have a large band gap) so 

10 that non-uniformity of Mg concentration exists in the AlGaN 
layers. Moreover, by forming a multitude of hetero 

interfaces, excesses and insufficiencies of Mg concentration 
irregularly occur within the crystal, thus resulting in a 
very low controllability and reproducibility . 

15 In view of the above, the inventors have fabricated a 

laser structure as shown in FIG. 3(a) - The device of FIG. 
3(a) has an ELO-GaN substrate 301. The ELO-GaN substrate 301 
is an ABLEG (Air-Bridged Lateral Epitaxial Growth) substrate, 
and has an air gap structure which is not shown. ABLEG is 

20 disclosed in detail in Japanese Laid-Open Patent Publication 
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No. 2002-009004, for example. 

A semiconductor multilayer structure on the substrate 
301 includes an n-GaN contact layer 302, an n-Alo.07Gao.93N 
cladding layer 303, an n-GaN optical guide layer 304, a 
5 Ga 0 .9oIno.ioN/Ga 0 .98lno.o2N-MQW active layer 305, a GalnN 
intermediate layer 306, a GaN intermediate layer 307, a p-GaN 
acceptor impurity doping start layer 308, a p-Al 0 .i6Ga 0 .84N 
electron overflow suppression layer 309, a p-Alo.14Gao.86N/p- 
GaN-SLs cladding layer 310, and a p-GaN contact layer 311. 

10 FIG. 3(b) schematically shows a conduction-band structure of 
this laser structure. 

A feature of this laser structure is that, instead of 
beginning an acceptor impurity doping concurrently with 
beginning the growth of the p-Alo.1eGao.84N electron overflow 

15 suppression layer 309 having the largest band gap in the 
laser structure, the p-GaN acceptor impurity doping start 
layer 308 is provided before that. Although the p-GaN 
acceptor impurity doping start layer 308 has a doping lag due 
to the memory effect, a film thickness designing which takes 

20 the doping lag into account makes it possible to keep a 
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constant Mg doping concentration in the p-Alo.1eGao.84N 
electron overflow suppression layer 309. 

However, in these conventional growing methods, although 
the Mg concentration has a constant value in the p- 
5 Alo.i6Gao.84N . electron overflow suppression layer 309 having 
the largest band gap energy in the laser structure, time lags 
due to the memory effect will occur at the start and end of 
doping, thus resulting in a low steepness of the Mg doping 
profile. Consequently, the p-Al 0 .i6Ga 0 .84N electron overflow 

10 suppression layer 309 will be doped only to an Mg 
concentration which is about 50% to 70% of the Mg 
concentration in the cladding layer, and, as such, the 
absolute amount of Mg is not sufficient. Therefore, the 
efficiency of hole injection to the active layer is lowered, 

15 thus making it difficult to realize an adequate low-threshold 
current driving with a good reproducibility and uniformity. 
Moreover, since the pn junction is shifted from the position 
of the active layer, an increase in the threshold voltage 
will occur. 

20 In order to increase the Mg concentration in the p- 
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Alo.ieGao.84N electron overflow suppression layer 309, the p- 
GaN-acceptor impurity doping start layer 308 may be made 
thick enough to ensure that the p-Al 0 .i6Ga 0 .84N electron 
overflow suppression layer 309 has an Mg concentration which 
5 is about the same as the Mg concentration in the cladding 
layer. However, since a large amount of Mg will be present 
also in the p-GaN-acceptor impurity doping start layer 308, 
this Mg will easily diffuse toward the active layer due to a 
current applied during laser operation, or a heat or magnetic 

10 field that is applied to the laser. As a result, the Mg will 
reach the neighborhood of the active layer, thus causing 
light absorption losses near the active layer and unfavorably 
affecting the reliability of the laser. Thus, it has been 
difficult to realize a highly reliable laser device with a 

15 good reproducibility and uniformity. 

The present invention has been made in view of the above 
circumstances, and is intended to provide a highly reliable 
nitride semiconductor device with a good production yield. 

20 DISCLOSURE OF INVENTION 
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A nitride semiconductor device according to the present 
invention is a nitride semiconductor device comprising a p- 
type nitride semiconductor layer, an n-type nitride 
semiconductor layer f and an active layer interposed between 
5 the p-type nitride semiconductor layer and the n-type nitride 
semiconductor layer, wherein, the p-type nitride 
semiconductor layer includes: a first p-type nitride 
semiconductor layer containing Al and Mg; and a second p-type 
nitride semiconductor layer containing Mg, the first p-type 

10 nitride semiconductor layer being located between the active 
layer and the second p-type nitride semiconductor layer, and 
the second p-type nitride semiconductor layer having a 
greater band gap than a band gap of the first p-type nitride 
semiconductor layer . 

15 In a preferred embodiment, the second p-type nitride 

semiconductor layer functions as a barrier layer for 
suppressing a carrier overflow from the active layer. 

In a preferred embodiment, the first p-type nitride 
semiconductor layer has an Al concentration of no less than 

20 lxl0 20 cnT 3 and no more than 2xl0 21 cm~ 3 ; and a region of the 
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first p-type nitride semiconductor layer in which the Al 
concentration is no less than lxl0 20 crrf 3 and no more than 
2><10 21 cm" 3 has a thickness -of 1 nm or more. 

In a preferred embodiment, a non-doped nitride 
5 semiconductor layer which contains Al and which is located 
between the first p-type nitride semiconductor layer and the 
active layer is further comprised. 

In a preferred embodiment, the non-doped nitride 
semiconductor layer has a smaller band gap than a band gap of 
10 the second p-type nitride semiconductor layer. 

In a preferred embodiment, the non-doped nitride 
semiconductor layer has a band gap equal to the band gap of 
the first p-type nitride semiconductor layer. 

In a preferred embodiment, a total thickness of the non- 
15 doped nitride semiconductor layer and the first p-type 
nitride semiconductor layer is no less than 1 nm and no more 
than 50 nm. 

In a preferred embodiment, the second p-type nitride 
semiconductor layer has a thickness of no less than 5 nm and 
20 no more than 20 nm. 
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In a preferred embodiment, a region of the second p-type 
nitride semiconductor layer which has an Mg concentration of 
8xl0 18 crrf 3 or less has a thickness of 1 nm or less. 

In a preferred embodiment, the p-type nitride 
5 semiconductor layer further includes a third p-type nitride 
semiconductor layer having a smaller band gap than a band gap 
of the second p-type nitride semiconductor layer; and the 
second p-type nitride semiconductor layer is located between 
the third p-type nitride semiconductor layer and the first p- 
10 type nitride semiconductor layer. 

In a preferred embodiment, the third p-type nitride 
semiconductor layer has a smaller band gap than the band gap 
of the first p-type nitride semiconductor layer. 

In a preferred embodiment, the third p-type nitride 
15 semiconductor layer functions as a cladding layer. 

In a preferred embodiment, at least one of the first p- 
type nitride semiconductor layer and the second p-type 
nitride semiconductor layer contains In. 

In a preferred embodiment, the second p-type nitride 
20 semiconductor layer has a greater In mole fraction than an In 
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mole fraction of the first p-type nitride semiconductor 
layer . 

A production method for a nitride semiconductor device 
according to the present invention is a production method for 
5 a nitride semiconductor device including a p-type nitride 
semiconductor layer, an n-type nitride semiconductor layer, 
and an active layer interposed between the p-type nitride 
semiconductor layer and the n-type nitride semiconductor 
layer, wherein: the p-type nitride semiconductor layer 

10 includes a first p-type nitride semiconductor layer 
containing Al and Mg and a second p-type nitride 
semiconductor layer containing Mg; the first p-type nitride 
semiconductor layer is located between the active layer and 
the second p-type nitride semiconductor layer; and the second 

15 p-type nitride semiconductor layer has a greater band gap 
than a band gap of the first p-type nitride semiconductor 
layer, the production method comprising: a step of forming 
the n-type nitride semiconductor layer; a step of forming the 
active layer; a step of forming the first p-type nitride 

20 semiconductor layer containing Al and Mg by supplying both a 
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source gas having Mg and a source gas having Al; and a step 
of forming the second p-type nitride semiconductor layer by 
supplying a source gas having Mg. 

In a preferred embodiment, before the step of forming 
5 the first p-type nitride semiconductor layer, a step of 
forming a non-doped nitride semiconductor layer which 
contains Al by supplying a source gas having Al without 
supplying any p-type impurities is further comprised. 

In a preferred embodiment, the first p-type nitride 
10 semiconductor layer has an Al concentration of no less than 
lxl0 20 cm" 3 and no more than 2><10 21 cm" 3 ; and a region of the 
first p-type nitride semiconductor layer in which the Al 
concentration is no less than l><10 20 cm~ 3 and no more than 
2xl0 21 cm" 3 has a thickness of 1 nm or more. 

15 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1(a) is a cross-sectional view showing a 
conventional example of a GaN semiconductor laser; and FIG. 
1(b) is a schematic diagram of a conduction-band structure 
20 thereof. 

18 



FIG. 2(a) is a cross-sectional view showing another 
conventional example of a GaN semiconductor laser; and FIG. 
2(b) is a schematic diagram of a conduction-band structure 
thereof. 

5 FIG . 3(a) is a cross-sectional view showing still 

another conventional example of a GaN semiconductor laser; 

and FIG. 3(b) is a schematic diagram of a conduction-band 

structure thereof. 

FIG. 4(a) is a cross-sectional structural diagram of a 
10 nitride semiconductor laser according to Embodiment 1 of the 

present invention; and FIG. 4(b) is a schematic diagram of a 

conduction-band structure thereof. 

FIG. 5(a) is a graph showing an SIMS profile of the 

semiconductor laser shown in FIGS. 3(a) and (b) ; and FIG. 
15 5(b) is a graph showing an SIMS profile of the semiconductor 

laser of Embodiment 1. 

FIG. 6 is a graph showing an Mg concentration in a p- 

AlGaN current overflow suppression layer, relative to an Al 

mole fraction of a p-AlGaN-acceptor impurity doping start 
20 layer. 
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FIG. 7(a) is a cross-sectional view showing a 
semiconductor laser according to Embodiment 3 of the present 
invention; FIG . 7(b) is a schematic diagram showing a 
conduction-band structure of a comparative example; and FIG. 

5 7(c) is a schematic diagram of a conduction-band structure in 
this embodiment. 

FIG. 8(a) is a cross-sectional view showing a 
semiconductor laser according to Embodiment 4 of the present 
invention; and FIG. 8(b) is a schematic diagram of a 

10 conduction-band structure thereof. 

FIG. 9(a) is a cross-sectional view showing a 
semiconductor laser according to Embodiment 5 of the present 
invention; and FIG. 9(b) is a schematic diagram of a 
conduction-band structure thereof. 

15 FIG. 10(a) is a cross-sectional view showing a 

semiconductor laser according to Embodiment 6 of the present 
invention; and FIG. 10(b) is a schematic diagram of a 
conduction-band structure thereof. 

FIG. 11(a) is a cross-sectional view showing a 

20 semiconductor laser according to Embodiment 7 of the present 
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invention; and FIG. 11(b) is a schematic diagram of a 
conduction-band structure thereof. 

FIG. 12 is a cross-sectional view showing a 
semiconductor laser according to Embodiment 8 of the present 
5 invention. 

FIG. 13 is a schematic diagram showing a conduction- 
band structure near an active layer of the semiconductor 
laser of Embodiment 8. 

FIG. 14 is a cross-sectional view showing a 
10 semiconductor laser according to Embodiment 9 of the present 
invention. 

FIG. 15 is a schematic diagram showing a conduction- 
band structure near an active layer of the semiconductor 
laser of Embodiment 9. 
15 FIG. 16 is a schematic diagram showing another 

conduction-band structure near an active layer of the 
semiconductor laser of Embodiment 9. 

BEST MODE FOR CARRYING OUT THE INVENTION 

20 Hereinafter, embodiments of the present invention will 
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be described with reference to the figures. 
(Embodiment 1) 

Firstly, a first embodiment of the nitride semiconductor 

5 device according to the present invention will be described. 

FIG. 4(a) shows a cross-sectional structure of the 
semiconductor laser of the present embodiment; and FIG. 4(b) 
is a schematic diagram of a conduction-band structure 
thereof. The semiconductor laser of the present embodiment 

10 includes an n-GaN substrate 401 and a semiconductor 
multilayer structure which is formed on the n-GaN substrate 
401. Beginning from the substrate, this semiconductor 
multilayer structure includes: an n-GaN layer 402; an n- 
Alo.05Gao.95N cladding layer 403; an n-GaN optical guide layer 

15 404; a Gao.90Ino.10N/Gao.9sIno.02N-MQW active layer 405; a non- 
doped Ga 0 . 9eIn 0 .o2N intermediate layer 406; a non-doped GaN 
intermediate layer 407; a non-doped Alo.03Gao.97N intermediate 
layer 408; a p-Alo.03Gao.97N acceptor impurity doping start 
layer 409; a p-Al 0 .i6Ga 0 .84N electron overflow suppression 

20 layer 410; a p-Al 0 .ioGa 0 .9oN (2 nm thick) /p-GaN (2 nm thick) - 
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SLs cladding layer (120 pairs) 411; and a p-GaN contact layer 
412. 

Herein, the p-Alo.03Gao.97N acceptor impurity doping start 
layer 409 functions as a "first p-type nitride semiconductor 

5 layer containing Al and Mg", whereas the p-Al 0 .i6Ga 0 .84N 
electron overflow suppression layer 410 functions as a 
"second p-type nitride semiconductor layer containing Mg". 

As shown in FIG. 4(b), the band gap of the p-Alo.03Gao.97N 
acceptor impurity doping start layer 409 is smaller than a 

10 band gap of the p-Al 0 .i6Ga 0 . 8 4N electron overflow suppression 
layer 410 ,. and smaller than the maximum value among the band 
gaps of the p-Al 0 .ioGa 0 .9oN (2 nm thick) /p-GaN (2 nm thick) -SLs 
cladding layer (120 pairs) 411 • 

This semiconductor multilayer structure is processed 

15 into a shape as shown in FIG. 4(a), with a p electrode 413, 
an n electrode 414, and an Si0 2 layer 415 being formed 
thereon. 

In this semiconductor laser, when a voltage is applied 
between the n electrode 414 and the p electrode 413, holes 
20 will be injected from the p electrode 413 and electrons will 
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be injected from the n electrode 414 into the MQW active 
layer 405, thus creating a gain in the MQW active layer 405, 
causing laser oscillation at a wavelength of 410 nm. 

Hereinafter, an embodiment of a production method for 

5 the semiconductor laser shown in FIG . 4(a) will be described. 

In the present embodiment, crystal growth of the nitride 
semiconductor layer is performed by using an MOVPE technique. 
The growth pressure may be a reduced pressure, the 
atmospheric pressure (latm) , or an elevated pressure equal to 

10 or greater than the atmospheric pressure, and the growth 
pressure may be switched to an optimum pressure for each 
layer. The carrier gas for supplying a source material to 
the substrate is preferably a gas which at least contains an 
inert gas such as nitrogen (N 2 ) or hydrogen (H 2 ) . 

15 Note that the nitride semiconductor growing method 

according to the present invention is not limited to the 
MOVPE technique. All methods which allow a compound 

semiconductor crystal to be grown are applicable, e.g., 
hydride vapor phase epitaxy (HVPE technique) or molecular 

20 beam epitaxy (MBE technique) . 



In the present embodiment, firstly, after the surface of 
the n-GaN substrate 401 is cleaned with an organic solvent, 
an acid, the n-GaN substrate 401 is placed on a susceptor, 
and N 2 substitution is adequately performed. After the N 2 
5 substitution is finished, in the N 2 atmosphere, it is heated 
to 1000°C with a heating rate of 10°C/10 seconds. 
Thereafter, the carrier gas is switched to H 2 , and while 
concurrently supplying ammonia (NH 3 ) , the substrate surface 
is cleaned for 1 minute . 

10 Next, trimethylgallium (TMG) and monosilane (SiH 4 ) are 

supplied to grow the n-GaN layer 402 having a thickness of 
2 fim. Then, trimethylaluminum (TMA) is added to grow the n- 
Alo.05Gao.95N cladding layer 403 having a thickness of 1.5 jum. 
Thereafter, the TMA supply is stopped, and the n-GaN optical 

15 guide layer 404 is grown to a thickness of 0.1 fxm. 

After growth of the n-GaN optical guide layer 404, the 
carrier gas is changed to N 2 , the NH 3 supply is stopped, and 
the growth temperature is lowered to 780°C. Once the growth 
temperature has become stabilized at 780°C, NH 3 is first 

20 supplied, and then TMG and trimethylindium (TMI) are 
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supplied. Thus, the Ga 0 .9oIn 0 . ioN/Ga 0 .98ln 0 .o2N-MQW active layer 

405 is grown. The Ga 0 .9oIn 0 .ioN well layer has a thickness of 
3 nm; the Gao.9sIno.02N barrier layer has a thickness of 7 nm; 
the number of well layers is three. No intentional doping is 

5 performed for the active layer. 

Next, after the non-doped Gao.9sIno.02N intermediate layer 

406 having a thickness of 30 nm and the non-doped GaN 
intermediate layer 407 having a thickness of 30 nm are grown, 
the TMG supply is once stopped. Thereafter, it is quickly 

10 heated up to 1000°C while supplying N 2 and NH 3 , and after the 
growth temperature has reached 1000 °C, the carrier gas is 
changed to a gaseous mixture of N 2 and H 2 , so that N 2 , H 2 and 
NH 3 are being supplied. 

Then, TMG and TMA are immediately supplied, thus growing 

15 the non-doped Alo.03Gao.97N intermediate layer 408 having a 
thickness of 40 nm. Thereafter, by using 

bis (cyclopentadienyl) magnesium (Cp 2 Mg) as an Mg source, the 
p-Alo.03Gao.97N acceptor impurity doping start layer 409, which 
is doped with Mg, is grown to a thickness of 5 nm. 

20 Next, after the p-Al 0 .i6Ga 0 .84N electron overflow 



suppression layer 410 having a thickness of 10 nm is grown, 
the carrier gas is quickly switched to H 2 alone, and the p- 
Alo.10Gao.90N (2 nm thick) /p-GaN (2 nm thick) -SLs cladding 
layer (120 pairs) 411 and the p-GaN contact layer 412 having 

5 a thickness of 50 nm are stacked in this order. 

Next, the p-Alo.03Gao.97N acceptor impurity doping start 
layer 409, the p-Alo.i6Gao.84N electron overflow suppression 
layer 410, the p-Al 0 .ioGa 0 .9oN/p-GaN-SLs cladding layer 411, 
and the p-GaN contact layer 412 are processed into a stripe 

10 shape. Thereafter, both sides of the multilayer structure 
having been processed into a stripe shape are covered with 
the Si0 2 layer 415 (which is an insulating film) , thus 
forming a current injection region. The stripe width is 

about 2 to 3 /zm. 

15 Next, the p electrode 413 is formed, on the surface of 

the p-GaN contact layer 412 in an aperture of the Si0 2 layer 
415 and on a portion of the Si0 2 layer 415. Thereafter, the 
semiconductor multilayer structure is etched to expose a 
portion of the n-GaN layer 402, and then the n electrode 414 

20 is formed on the exposed surface. Instead of doing this, an 
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n electrode may be formed on the back face of the n-GaN 
substrate. 

In the present embodiment, in order to reduce the 
contact resistance with the p electrode 413, the Mg 
5 concentration in the p-GaN contact layer 411 is adjusted to 
be within a range from lxl0 2O cnT 3 to 5xl0 20 cirf 3 . 

According to the above-described production method, 
after the non-doped GaN intermediate layer 407 is grown, TMG 
supply is once stopped while growing the non-doped 
10 Alo.03Gao.97N intermediate layer 408. Then, a quick heating is 
performed while supplying N 2 and NH 3 , with the carrier gas 
being changed to a gaseous mixture of N 2 and H 2 in the 
middle . 

Alternatively, instead of stopping the TMG supply, the 
15 crystal growth of the non-doped GaN intermediate layer 407 
may be continued while supplying TMG, and heating may be thus 
performed. Alternatively, heating may be performed while 
performing crystal growth of the non-doped Alo.03Gao.97N 
intermediate layer 408 by supplying TMG and TMA. Thus, any 
20 - heating method may be adopted so long as the method does not 
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produce defects which will cause a nonradiative recombination 
center within the crystal. 

Next, the role of the non-doped Alo.03Gao.97N intermediate 
layer 408 and the p-Al 0 .03Ga 0 .97N-acceptor impurity doping 

5 start layer 409 with respect to the Mg concentration 
distribution in the p-Al 0 .i6Ga 0 . 8 4N electron overflow 
suppression layer 410 will be described, 

FIG. 5(a) is a graph showing an SIMS profile of the 
semiconductor laser shown in FIGS. 3(a) and (b) . FIG. 5(b) 

10 is a graph showing an SIMS profile of the semiconductor laser 
of the present embodiment, in which the non-doped Alo.03Gao.97N 
intermediate layer 408 and the p-Alo.03Gao.97N acceptor 
impurity doping start layer 409 are formed before growing the 
p-Alo.ieGao.84N electron overflow suppression layer 410. In 

15 the graphs, "1.0E+M" means "1.0X10 M ". 

In either one of the samples of FIGS. 5(a) and (b) f Mg 
doping is performed in such a manner that the hole 
concentration in the p-type cladding layer (p-Al 0 .ioGa 0 .9oN/p- 
GaN-SLs cladding layer 411 or the p-Al 0 .i4Ga 0 .86N/p-GaN-SLs 

20 cladding layer 310) is 2xl0 18 cm" 3 . Specifically, Mg doping is 
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performed under conditions such that the Mg concentration in 
the p-type cladding layer is l*10 19 cm~ 3 . 

The film thickness of the p-type acceptor impurity 
doping start layer 409 is uniformized at 5 nm, and the film 
5 thickness of the electron overflow suppression layer 410 is 
uniformized at 10 nm. In the semiconductor laser of the 
present embodiment, as is clear from the Mg concentration 
profile shown in FIG- 5(b), the Mg concentration in the AlGaN 
electron overflow suppression layer 410 is already at 

10 9. 5><10 18 cm~ 3 , thus realizing a value which is substantially 
equal to the target value (lxl0 19 cirf 3 ) of the Mg concentration 
in the cladding layer 411. On the other hand, in the example 
of FIG. 5(a), there is a clear influence of the doping lag 
due to the memory effect of Mg doping. Specifically, the Mg 

15 concentration is varied along the depth direction in the 
AlGaN electron overflow suppression layer 309, with its size 
only being about 5 to 7xl0 18 cm~ 3 . 

Thus, by growing the p-Al 0 .i6Ga 0 .84N electron overflow 
suppression layer 410 after the Al-containing non-doped 

20 Alo.03Gao.97N intermediate layer 408 and the p-Alo.03Gao.97N- 



acceptor impurity doping start layer 409 are grown, it 
becomes possible to suppress the doping lag of Mg due to the 
memory effect. As a result, - the Mg concentration in the p- 
Alo.i6Gao.s4N electron overflow suppression layer 410, which 

5 has the largest band gap energy in the laser structure, can 
be made substantially equal to the Mg concentration in the 
cladding layer 401, 

In order to obtain the effects of the present 
embodiment, it is preferable that the "Al-containing nitride 

10 semiconductor layer (first p-type nitride semiconductor 
layer) " which is grown after Mg doping is begun and before 
beginning the growth of the overflow suppression layer 410 
(second p-type nitride semiconductor layer) has a thickness 
of no less than 1 nm and no more than 50 . nm. Since it is 

15 preferable that the Al-containing nitride semiconductor layer 
(first p-type nitride semiconductor layer) has a sufficiently 
high Al concentration, it is preferable that the Al 
concentration in the first p-type nitride semiconductor layer 
is no less than lxl0 20 cm~ 3 and no more than 2><10 21 cm~ 3 , and 

20 that the region in the first p-type nitride semiconductor 
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layer where the Al concentration is no less than 1*10 cm 
and no more than 2xl0 21 cnf 3 has a thickness of 1 nm or more. 

Moreover, a p-type region may possibly exist in the Al- 
containing non-doped nitride semiconductor layer (Alo.03Gao.97N 
5 intermediate layer 408), which is made before growing the 
first p-type nitride semiconductor layer, because Mg diffuses 
finally from the first p-type nitride semiconductor layer . 
However, in the present specification, the Alo.03Gao.97N 
intermediate layer 408 will be referred to as a "non-doped 
10 nitride semiconductor layer which contains Al" for 
simplicity, unless it is intentionally doped with a p-type 
impurity during growth. 

The effects obtained in the present embodiment could 
also be obtained by employing a p-Al 0 .9oIn 0 .ioN acceptor 
15 impurity doping start layer, which contains In instead of Ga. 
In this case, it is important that a three-layer structure is 
formed which includes, in conjunction with the p-Al 0 .i6Ga 0 .84N 
electron overflow suppression layer 410 having the largest 
band gap energy in the laser structure, a non-doped 
20 intermediate layer which has a smaller band gap energy (but 
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has a greater band gap energy than that of the 
Gao.90Ino.10N/Gao.98lno.02N-MQW active layer 405) and which at 
least contains Al, and an acceptor impurity doping start 
layer which at least contains Al . The importance of 

5 inclusion of Al will be described later. 

Note that, in the semiconductor laser described in 
Japanese Laid-Open Patent Publication No. 2002-009004, a non- 
doped AlxGai-xN layer (O^X^Y^l) is inserted between an Mg- 
doped p-Al Y Gai- Y N layer and an Si-doped n-GaN layer in order 

10 to prevent Mg diffusion from the AlGaN layer. With this 
structure, by the insertion of the non-doped Al x Gai- x N layer, 
Mg diffusion from the Mg-doped p-Al Y Gai- Y N layer into the 
active layer (Si-doped n-GaN layer) is suppressed. The 
purpose of suppressing Mg diffusion is to reduce donor- 

15 acceptor pair emission, and ensure that the emission at the 
band edges is predominant. 

In the aforementioned semiconductor laser, diffusion of 
the Mg impurity can be suppressed because, a two-layer 
structure is formed that employs a non-doped Al x Gai- x N layer 

20 in conjunction with the Mg-doped p— Al Y Gai- Y N layer having the 
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largest band gap energy in the laser structure. However, the 
Mg-doped p-Al Y Gai- Y N layer having the largest band gap energy 
in the laser structure will suffer from an Mg doping lag due 
to the memory effect. 

5 Note that, according to the studies of the inventors, it 

has been found that the Mg diffusion from an Al-containing 
Mg-doped p-AlGaN layer into an active layer is much less 
likely to occur than that from an Mg-doped p-GaN layer which 
does not contain Al. The details of this point will be 

10 described later. 

In the first place, AlGaN (which contains Al) has a 
greater band gap energy than that the band gap energy of GaN, 
and therefore the activation energy of an acceptor impurity 
for AlGaN is relatively large. Therefore, if Mg doping is 

15 begun during growth of AlGaN, the p-type impurity is likely 
to become inactivated, thus causing deterioration of 
reproducibility and uniformity, which in itself is 
undesirable. 

Moreover, the lattice constant difference between AlGaN 
20 and GalnN is greater than the lattice constant difference 
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between AlGaN and GaN. Therefore, if the AlGaN layer is 
placed near the active layer, non-uniformity of strain is 
likely to occur in the well layers composing the active 
layer. If this strain becomes large, it will unfavorably 

5 affect the emission characteristics, which is undesirable for 
the sake of uniformity and reliability. 

However, according to the studies of the inventors, by 
purposely allowing Al to be contained in GaN, the memory 
effect of Mg doping can be successfully reduced, and a doping 

10 interface with a high steepness can be realized, whereby the 
emission characteristics of the laser can be significantly 
improved. 

Note that, in order to reduce the lattice strain that 
may occur in the well layers, it is preferable to prescribe 
15 the thickness of the non-doped GaN intermediate layer to a 
size which is optimum for strain reduction. 

Next, the role of Al in the doping start layer will be 
described. 

An Mg source is very likely to adhere to the pipes of a 
20 crystal growth apparatus and the inner walls of a reactor. 
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Therefore, in the initial period immediately after the doping 
is begun, most of the source material is consumed for such 
reactions. This is the primary cause for the memory effect. 
Although the influence of the memory effect will also depend 

5 on the crystal growth apparatus, if Mg doping is begun during 
a GaN growth in the crystal growth apparatus which is used in 
the present embodiment to obtain an Mg concentration of 
lxl0 19 cm" 3 , the Mg doping front will be shifted toward the 
crystal surface side by about 10 nm. Therefore, the Mg 

10 concentration will reach a 90% level of lxlQ 19 crrf 3 (9xl0 18 cnf 3 ) 
only when the crystal growth has progressed to a thickness of 
about 200 nm after GaN growth is begun. 

On the other hand, when a similar Mg doping was 
performed during an AlGaN growth to an Al mole fraction of 

15 1%, there was no lag in the Mg doping front, and only 10 nm 

18 _ 3 

was required until reaching an Mg concentration of 9x10 cm . 
This is because, since the reactivity between Mg and Al is 
very high, if Mg is added to a source gas that contains Al, 
the Al and Mg immediately react to form a complex, without 
20 adhering to the pipes or the inner walls of the reactor, and 
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thus are taken into the crystal. 

Next, FIG- 6 will be referred to, FIG. 6 is a graph 
showing an Mg concentration in a p-AlGaN current overflow 
suppression layer, relative to an Al mole fraction of a p- 
5 AlGaN-acceptor impurity doping start layer. As shown in FIG, 
6, the Al concentration in the p-AlGaN-acceptor impurity 
doping start layer is preferably set to a value which is 
equal to or greater than 10 times as much as the Mg doping 
concentration. Specifically, if the required Mg 

10 concentration is l*10 19 cm~ 3 , the Al concentration is 
preferably set to lxl0 2O cm~ 3 , or an Al mole fraction of 0.1% 
or more in the crystal. It is more preferable to set the Al 
concentration in the p-AlGaN-acceptor impurity doping start 
layer to be equal to or greater than 100 times as much as the 
15 Mg doping concentration because it would lead to a further 
increase in the Mg concentration. 

Thus, by performing Mg doping while efficiently forming 
a complex of Al and Mg, the memory effect of Mg can be 
suppressed. As a result, there is realized an Mg doping 
20 profile which has a steep doping interface and is free from 

37 



doping lags. 

Note that, by employing the non-doped Alo.03Gao.97N 
. intermediate layer 408 and the p-Alo.03Gao.97N acceptor 
impurity doping start layer 409 instead of the GaN 

5 intermediate layer 307 and the p-GaN acceptor impurity doping 
start layer 308 in the semiconductor laser shown in FIG. 3, 
the compressive stress when forming the electron overflow 
suppression layer can be reduced. 

A compressive stress creates a piezoelectric field, and 

10 the resulting changes in the band structure cause the 
acceptor impurity to be diffused, thus creating a non-uniform 
concentration distribution. However, since the present 
embodiment employs a combination of an Al-containing 
intermediate layer and an acceptor impurity doping start 

15 layer which can reduce compressive stress, an Mg doping 
profile with an excellent steepness can be effectively 
realized. 

The acceptor level which is constituted by the Mg within 
a GaN crystal has a greater activation energy than that of 
20 Si, which is a donor impurity. Therefore, optical losses 
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(light absorption losses) are likely to occur when laser 
oscillation is effected through current injection. However, 
according to the present invention, a desired doping profile 
at the interface can be created with a high controllability 

5 and a high steepness, and therefore a laser device having 
very low light absorption losses can be provided with a good 
production yield. 

Note that one conceivable method for realizing a steep 
doping profile by beginning Mg doping in a p-GaN layer might 

10 be to provide excess amounts of Mg supply only at the doping 
interface, thus to suppress doping lags. However, adhesion 
to the pipes and the inner walls of the reactor cannot be 
reduced, and doping lags will occur, again due to the memory 
effect. In the AlGaN electron overflow suppression layer, 

15 conversely, the Mg (which is an acceptor impurity) will be 
taken in excessively (e.g., to an Mg concentration of 
lxl0 20 cnf 3 or more) . As a result, the acceptor will be 
compensated for to cause high resistance, thus leading to 
poor controllability. 

20 It might also be possible to modify the crystal growth 
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apparatus to one that has a pipe/reactor structure which is 
not prone to the memory effect, but this will result in 
enormous costs, required time, etc. 

In contrast, according to the present invention, 
5 controllability of the Mg doping can be easily improved 
without employing any special apparatus modifications or 
techniques . 

In order to obtain the effects of the present invention, 
it is important to perform Mg doping while efficiently 

10 forming a complex of Al and Mg. When performing Mg doping, 
it will be desirable if not only H 2 but also N 2 is contained 
as a carrier gas, because reactivity will be enhanced. In 
order to enhance the reactivity, it will also be effective to 
add small amounts of impurities, such as oxygen, carbon, or 

15 silicon, to an extent where the electrical characteristics of 
the laser structure are not affected. 

In the case where a conventional p-GaN acceptor impurity 
doping start layer is employed, Mg will be easily diffused 
toward the active layer side due to a current applied during 

20 laser operation, or a heat or magnetic field that is applied 
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to the laser. This invites the problem of light absorption 
losses occurring near the active layer, which unfavorably 
affects the laser reliability. In contrast, in the case 
where a laser structure is fabricated by employing a p-AlGaN 

5 acceptor impurity doping start layer, the bond between Al and 
Mg is strong also within the crystal, so that Mg diffusion is 
not likely to occur during laser operation. 

Furthermore, in the case where a conventional p-GaN 
acceptor impurity doping start layer is employed, the Mg 

10 which has adhered to the pipes of the crystal growth 
apparatus and the inner walls of the reactor will remain even 
after the crystal growth, and gradually mix into the n-type 
layer during the following fabrication of the laser 
structure, whereby the n-type donor impurity will be 

15 compensated for and cause high resistance. In contrast, this 
influence can be suppressed when a laser structure is 
fabricated by employing a p-AlGaN acceptor impurity doping 
start layer. 

Although a GaN substrate is employed in the present 
20 embodiment, the substrate is not limited to GaN, but may be: 
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a nitride semiconductor bulk substrate such as AlGaN, InGaN, 
or AlGalnN; a sapphire substrate; a silicon carbide 
substrate; a silicon substrate; a gallium arsenide substrate 
having GaN grown on its surface; or an ELO-GaN substrate 

5 which has been fabricated via lateral epitaxial overgrowth. 

In the present embodiment, a bulk crystal of AlGaN is 
employed as the n-type cladding layer and a superlattice 
structure composed of AlGaN and GaN is employed as the p-type 
cladding layer. However, a bulk crystal of AlGaN may be 

10 employed as the p-type cladding layer, and a superlattice 
structure composed of AlGaN and GaN may be employed as the n- 
type cladding layer. Alternatively, a bulk crystal of AlGaN 
or a superlattice structure composed of AlGaN and GaN may be 
employed for both of the n-type and the p-type. Furthermore, 

15 these semiconductor layers may contain In, boron (B) , arsenic 
(As), phosphorus (P), so long as a structure is obtained 
which can effectively realize light and carrier confinement. 

Although the present embodiment employs TMG as a Ga 
source, TMA as an Al source, TMI as an In source, Cp 2 Mg as an 

20 Mg source, and NH 3 as an N source, the source gases are not 
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limited thereto. Triethylgallium (TEG) or gallium chloride 
(GaCl or CaCl 3 ) may be used as a Ga source; triethylaluminum 
(TEA), dimethylaluminum hydride (DMAH) , dimethylaluminum 
chloride (DMAC1) , or trimethylaminealane (TMAA) may be used as 

5 an Al source; triethylindium (TEI) may be used as an In 
source; bis (ethylcyclopentadienyl ) magnesium (EtCp 2 Mg) or bis 
methylcyclopentadienyl magnesium (MeCp 2 Mg) may be used as an 
Mg source; and hydrazine (N 2 H«) , monomethylhydrazine (MMH) , 
or dimethylhydrazine (DMH) may be used as an N source. In 

10 particular, in order to effectively realize the present 
invention, it is important that a complex of Al and Mg be 
formed efficiently, with which Mg doping is performed. Since 
those with greater molecular weights will act more 
effectively in the formation of this complex, it will be 

15 further desirable to employ source materials which have as 
large molecular weights as possible within the usable range. 



(Embodiment 2) 

In the present embodiment, after a semiconductor 
20 multilayer structure is formed similarly to Embodiment 1, 
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this multilayer structure is processed into a stripe shape 
through a dry etching process. At this time, from the 
surface- side, the p-GaN contact layer 412, the p- 
Alo.10Gao.90N/p-GaN-SLs cladding layer 411, the p-Alo.ieGao^N 
electron overflow suppression layer 410, and the p- 
Alo.03Gao.97N acceptor impurity doping start layer 409 are 
sequentially etched, almost until the non-doped Alo.03Gao.97N 
intermediate layer 408 is exposed. The etching depth is an 
important parameter that determines the laser kink level and 
beam shape, and it is desirable to finely control the etching 
depth . 

Monitor windows for optical evaluation, each being 
50 ix m per side, were provided in several places on the laser 
structure epitaxial wafer, and optical evaluations were 
performed in situ while conducting a dry etching process; 
thus, a dry etching was carried out. 

In the present embodiment, photoluminescence 
measurements were taken as a means of optical evaluation. A 
helium-cadmium laser having a wavelength of 325 nm was used 
for the photoluminescence evaluation. In a compound 
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semiconductor doped with a p-type acceptor impurity, a p-type 
acceptor impurity level is formed and donor-acceptor pair 
emission is observed. In a compound semiconductor which is 
not doped with a p-type acceptor impurity, emission from near 
5 the band edges is mainly observed. In the conventional 
technique which does not employ the p-Alo.03Gao.97N acceptor 
impurity doping, start layer 409, the doping profile of the p- 
type acceptor was draped, and the doping interface was 
unclear; therefore, it was impossible to determine a doping 
10 interface from the optical evaluation. 

However, by employing the p-Alo.03Gao.97N acceptor 
impurity doping start layer 409 in the manner of Embodiment 
1, the steepness of the doping interface was improved, and it 
was easy to control film thickness through optical 
15 evaluation. It will be appreciated that the control method 
is not limited to photoluminescence measurements, but any 
technique that enables evaluation can be used, e.g., plasma 
emission analysis. There are no limitations as to the shape 
and size of the monitor windows for optical evaluation, so 
20 long as the device production yield is not lowered within the 
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wafer and that optical evaluation is enabled. 

Moreover, photoluminescence measurements taken through 
the monitor windows for optical evaluation after completion 
of etching made it possible to evaluate the emission 
5 wavelength of the active layer, and also made it possible to 
conduct product evaluations of the laser structure prior to 
the laser process; thus, the device process was made more 
efficient . 

10 (Embodiment 3) 

Crystal growth for a laser structure was performed by 
using a construction similar to that of Embodiment 1, except 
for the structure of the p-type cladding layer. While 
Embodiment 1 employed the p-Al 0 .ioGa 0 .9oN/p-GaN-SLs cladding 

15 layer 411, herein a p-Alo.08Gao.92N/p-Alo.02Gao.9eN-SLs cladding 
layer 601 is used instead. FIG. 7(a) shows a structural 
diagram of this laser structure. 

In the case where the p-Al 0 .ioGa 0 .9oN/p-GaN-SLs cladding 
layer 411 is employed, supply/non-supply of TMA is 

20 periodically repeated to form AlGaN layers and GaN layers. 
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If a uniform Mg doping is performed, the amount of Mg take-in 
will be reduced during the formation of the GaN layers, due 
to the memory effect. Conversely, when the AlGaN layers are 
formed, the amount of Mg take-in will rapidly increase near 

5 the interface. This will result in repetitive changes, each 
time stabilized at a constant value. Thus, as shown in FIG. 
7(b), the Mg concentration is not stabilized within the 
cladding layer, but repeats increasing and decreasing, 
whereby the reproducibility of the laser structure with 

10 respect to low-voltage operation is degraded. 

In contrast, when the p-Alo.08Gao.92N/p-Alo.02Gao.9eN-SLs 
cladding layer 601 is used, TMA is always being supplied, 
whereby the influence of the memory effect can be reduced. 
Therefore, the Mg concentration in the cladding layer can be 

15 controlled to a constant value with a good reproducibility, 
as shown in FIG. 7(c). Thus, reduction of the operating 
voltage can be realized with a high controllability. 

(Embodiment 4) 

20 Hereinafter, with reference to FIGS. 8(a) and (b) , a 
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fourth embodiment of the nitride semiconductor device 
according to the present invention will be described. The 
semiconductor laser of the present embodiment has a similar 
structure to the structure of the semiconductor laser shown 
5 in FIG. 4(a) (Embodiment 1), except for the below-described 
portions: specifically, instead of the non-doped Alo.03Gao.97N 
intermediate layer 408 having a thickness of 40 nm and the p- 
Alo.oaGao.gvN-acceptor impurity doping start layer 409 having a 
thickness of 5 nm of Embodiment 1, a non-doped 
10 Alo.03Gao.95Ino.02N intermediate layer 701 having a thickness of 
40 nm and a p-Alo.03Gao.95Ino.02N acceptor impurity doping start 
layer 702 having a thickness of 5 nm are comprised. 

The Al mole fractions in these layers are made egual 
between the present embodiment and Embodiment 1, and 
15 therefore there is no difference in the Mg doping profiles. 
However, the band gap energy is smaller due to the inclusion 
of In. As a result, the impurity activation energy is 
smaller and the hole concentration is higher in these layers. 
Moreover, there is a smaller strain imposed on the active 
20 layer. Therefore, according to the present embodiment, a 
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further reduction of the threshold current and a further 
improvement in reliability can be realized. 

(Embodiment 5) 

5 Hereinafter, with reference to FIGS. 9(a) and (b) , a 

fifth embodiment of the nitride semiconductor device 
according to the present invention will be described. The 
semiconductor laser of the present embodiment has a similar 
structure to the structure of the semiconductor laser shown 

10 in FIG. 4(a) (Embodiment 1), except for the below-described 
portion: specifically, instead of the p-Al 0 .03Ga 0 .97N-acceptor 
impurity doping start layer 409 having a thickness of 5 nm of 
Embodiment 1, a p-Alo.03Gao.95Ino.02N acceptor impurity doping 
start layer 801 having a thickness of 5 nm and a 

15 Ga 0 .9 8 In 0 .o2N layer 802 having a thickness of 5 nm are 
comprised in the present embodiment. 

The Al mole fraction of the Mg doping start layer 801 is 
made equal in both embodiments, and therefore there is no 
difference in the Mg doping profiles. However, in the 

20 present embodiment, the distance between the MQW active layer 
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405 and the p-Alo.ieGao.a^N electron overflow suppression layer 
410 is longer due to the insertion of the p-Gao.98lno.02N layer 
802. However again, since the p-Gao.99Ino.02N layer 802 having 
a thickness of 5 nm contains In, its band gap energy is 
5 smaller than the band gap energy of GaN, and as a result has 
a very high hole concentration. Therefore, the efficiency of 
hole injection to the active layer 405 is improved, and a 
further reduction of the threshold current and a further 
improvement in reliability can be realized. 

10 

(Embodiment 6) 

Hereinafter, with reference to FIGS. 10(a) and (b) , a 
sixth embodiment of the nitride semiconductor device 
according to the present invention will be described. The 

15 semiconductor laser of the present embodiment has a similar 
structure to the structure of the semiconductor laser shown 
in FIG. 4(a) (Embodiment 1), except for the below-described 
portions: specifically, instead of the non-doped Alo.03Gao.97N 
intermediate layer 408 having a thickness of 40 nm and the p- 

20 Alo.03Gao.97N acceptor impurity doping start layer 409 having a 
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thickness of 5 nm in the semiconductor laser of FIG. 4(a), a 
non-doped Al 0 .o6Ga 0 .84ln 0 .ioN intermediate layer 901 having a 
thickness of 40 nm and a p-Al 0 .06Ga 0 ,84ln 0 .ioN acceptor impurity 
doping start layer 902 having a thickness of 3 nm are 
5 comprised in the present embodiment. 

In the present embodiment, the Al mole fractions in the 
intermediate layer 901 and the acceptor impurity doping start 
layer 902 are higher than the respective Al mole fractions in 
the intermediate layer 408 and the acceptor impurity doping 
10 start layer 409 in Embodiment 1. As a result, the Mg doping 
profile rises more steeply,, and therefore the p- 
Alo.o6Gao.84lno.ioN acceptor impurity doping start layer 902 can 
be made thinner. 

Moreover, the p-Al 0 .06Ga 0 .84ln 0 .ioN acceptor impurity doping 
15 start layer 902 of the present embodiment has a lattice match 
with GaN, and therefore the strain imposed on the active 
layer 405 can be made smaller than in Embodiment 1 . As a 
result, an even higher output and a further improvement in 
reliability can be realized. 

20 
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(Embodiment 7) 

Hereinafter, with reference to FIGS. 11(a) and (b) , a 
seventh embodiment of the nitride semiconductor device, 
according to the present invention will be described. The 

5 semiconductor laser of the present embodiment has a similar 
structure to the structure of the semiconductor laser shown 
in FIG. 4(a) (Embodiment 1), except for the below-described 
portions: specif ically, instead of the non-doped Alo.03Gao.97N 
intermediate layer 408 having a thickness of 40 nm and the p- 

10 Al 0 .o3Ga 0 .97N-acceptor impurity doping start layer 409 having a 
thickness of 5 nm, a non-doped Alo.01Gao.99N intermediate layer 

1001 having a thickness of 40 nm and an Al x Gai- x N (0.01 ^x^ 
0.13) acceptor impurity doping start layer 1002 having a 
thickness of 5 nm, whose Al mole fraction increases in a 

15 stepwise manner by .0.03 from 0.01 to 0.13 per every nm, are 
comprised in the present embodiment. 

In the present embodiment, the Al mole fraction of the 
Al x Gai- x N (0.01^x^0.13) acceptor impurity doping start layer 

1002 is increased in a stepwise manner, thus allowing the Mg 
20 doping profile to rise even more steeply. 
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Moreover, according to the present embodiment, the 
lattice strain associated with lattice constant differences 
can be suppressed. As a result, reduction in the stress 
imposed on the active layer and reduction in the notches 

5 associated with band discontinuities can be realized. 

Furthermore, since the influence of piezoelectric field 
effects occurring due to compressive stress can be 
effectively reduced, the efficiency of hole injection to the 
active layer is enhanced. Therefore, a further reduction of 

10 the threshold current, a further improvement in reliability, 
and a further improvement in production yield can be 
realized. 

In the present embodiment, the Al x Ga!- x N (0.01^x^0.13) 
acceptor impurity doping start layer 1002 having a thickness 

15 of 5 nm is formed in such a manner that its Al mole fraction 
increases in a stepwise manner by 0.03 from 0.01 to 0.13 per 
every nm. However, the effects therefrom are obtained not 
only in the case where the Al mole fraction is increased in a 
stepwise manner. As shown enlarged in a portion of FIG. 

20 1Kb), also through gradually increasing or parabolically 

53 



• 



increasing the Al mole fraction, the strain associated with 
lattice constant differences can be greatly reduced, and 
notches associated with band discontinuities can be 
completely suppressed. 
5 As described above, with the nitride semiconductor 

device according to the present invention, the efficiency of 
carrier confinement by the second p-type nitride 
semiconductor layer can be improved. Thus, it is no longer 
necessary to attach importance to the carrier confinement by 
10 a third p-type nitride semiconductor layer functioning as a 
cladding layer. This makes it permissible to reduce the band 
gap of the cladding layer (third p-type nitride semiconductor 
layer) , which in turn makes it possible to reduce the Al mole 
fraction of the cladding layer. In the embodiments described 
15 below, the Al mole fraction of the cladding layer (third p- 
type nitride semiconductor layer) is reduced as compared to 
each of the above-described embodiments, so that its band gap 
is prescribed to be smaller than the band gap of the first p- 
type nitride semiconductor layer. The reduction in the Al 
20 mole fraction of the third p-type nitride semiconductor layer 
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functioning as a cladding layer reduces the serial resistance 
Rs of the nitride semiconductor device, which makes possible 
a reduction in power consumption. 

5 (Embodiment 8) 

Hereinafter, with reference to FIG. 12, an eighth 
embodiment of the nitride semiconductor device according to 
the present invention will be described. 

First, an n-GaN substrate 1601 is prepared. After its 

10 surface is cleaned with an organic solvent and an acid, the 
substrate 1601 is placed on a susceptor within a growth 
furnace. After the interior of the growth furnace is 
sufficiently substituted with an N 2 gas, it is heated to 
1000°C with a heating rate of l°C/second, and the carrier gas 

15 is switched to H 2 and also ammonia (NH 3 ) begins to be 
supplied to clean the substrate surface. It is desirable to 
perform this cleaning for a period of 1 minute or more. 
Thereafter, trimethylgallium (TMG) and monosilane (SiH 4 ) 
begin to be supplied to grow an n-GaN layer 1602 having a 

20 thickness of 2 urn, and then trimethylaluminum (TMA) is added 
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to grow an n-Alo.05Gao.95N cladding layer 1603 having a 
thickness of 1.5 Mm. Next, after the TMA supply is stopped 
and an n-GaN optical guide layer 1604 is grown to 0.1 »m, 
the carrier gas is changed to N 2 , the NH 3 supply is stopped, 
and the growth temperature is lowered to 7 80°C. 

Next, by supplying NH 3 , TMG and trimethylindium (TMI) , 
three periods of semiconductor layers are grown on the 
optical guide layer 1604, where one period consists of an 
Ino.1Gao.9N well layer having a thickness of about 3 ran and an 
Ino.02Gao.99N barrier layer (on the well layer) having a 
thickness of about 7 nm. Thus, a multiple quantum well (MQW) 
active layer 1605 is formed. 

Next, a non-doped Ino.02Gao.98N intermediate layer 1606 
having a thickness of 30 nm is grown, and after a non-doped 
GaN intermediate layer 1607 having a thickness of 30 nm is 
grown, the TMG supply is stopped. While supplying N 2 and 
NH 3 , a quick heating to 1000°C is performed, and the carrier 
gas is switched to a gaseous mixture of N 2 and H 2 . The 
supply of TMG and TMA is restarted, and a p-Al 0 .ioGa 0 .9oN 
intermediate layer (doping enhancement layer) 1608 • having a 
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thickness of 45 nm is grown. 

When starting the growth of the doping enhancement layer 
1608, or in the middle of the growth, an Mg doping with 
bis (cyclopentadienyl) magnesium (Cp 2 Mg) is begun. 

5 If Mg doping is begun in the middle of the growth, i.e., 

after beginning the growth of the doping enhancement layer 
1608, an Al 0 .ioGa 0 .9oN lower layer portion which is not doped 
with Mg and an Al 0 .ioGa 0 .9oN upper layer portion which is doped 
with Mg will be formed in the doping enhancement layer 1608. 

10 In other words, the doping enhancement layer 1608 is now 
structured so as to include both the non-doped Al 0 .ioGa 0 .9oN 
lower layer portion and the Mg-doped Al 0 .ioGa 0 .9oN upper layer 
portion. In this case, the non-doped Al 0 .ioGa 0 . 9 oN lower layer 
portion corresponds to the Alo.03Gao.97N intermediate layer 408 

15 in Embodiment 1, whereas the Mg-doped Al 0 .ioGa 0 .9oN upper layer 
portion corresponds to the p-Alo.03Gao.97N acceptor impurity 
doping start layer 409 in Embodiment 1. 

Note that, also in the case where Mg doping is begun 
simultaneously with beginning the growth of the doping 

20 enhancement layer 1608, the non-doped Al 0 .ioGa 0 .9oN lower layer 
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portion will be formed due to a doping lag. 

Thus, a region which is not doped with Mg can be formed 
in a part of the doping enhancement layer 1608, but the 
entirety of the doping enhancement layer 1608 can be doped 
with Mg through a thermal diffusion of Mg which takes place 

in subsequent steps. 

Note that, the portion of the doping enhancement layer 

1608 that is doped with Mg functions as the first p-type 

nitride semiconductor layer according to the present 

invention . 

After the doping enhancement layer 1608 is formed, a p- 
Alo.ieGao.84N electron overflow suppression layer 1609 having a 
thickness of 10 nm is grown. The p-Alo.i 6 Ga 0 .84N electron 
overflow suppression layer 1609 functions as the second p- 
type nitride semiconductor layer according to the present 
invention. 

After the p-Alo.i6Gao.84N electron overflow suppression 
layer 1609 is grown, the carrier gas is quickly switched to 
H 2 , and a p-Alo.03Gao.97N cladding layer 1610 is grown and 
thereafter p-GaN contact layer 11611 having a thickness of 50 
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nm is stacked in turn. 

Although magnesium (Mg) is used as a p-type dopant in 
the present embodiment, besides Mg, any p-type dopant such as 
carbon (C) , zinc (Zn) , beryllium (Be) or cadmium (Cd) may be 
5 added. 

The nitride semiconductor growing method is not limited 
to the MOVPE technique. All methods which have hitherto been 
proposed for growing a compound semiconductor crystal, e.g., 
hydride vapor phase epitaxy (HVPE technique) or molecular 
10 beam epitaxy (MBE technique), can be adopted. 

In the present embodiment, TMG is used as a Ga source; 
TMA as an Al source; TMI as an In source; Cp 2 Mg as an Mg 
source; and NH 3 as an N source. However, the source gases 
are not limited thereto, so long as the crystal growth 
15 utilizes the principles under the aforementioned conditions. 
Triethylgallium (TEG) or gallium chloride (GaCl or CaCl 3 ) may 
be used as the Ga source; triethylaluminum (TEA) , 
dimethylaluminum hydride (DMAH) , or dimethylaluminum chloride 
(DMAC1) may be used as the Al source; triethylindium (TEI) 
20 may be used as the In source; bis ethylcyclopentadienyl 
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magnesium (EtCp 2 Mg) or bis methylcyclopentadienyl magnesium 
(MeCp 2 Mg) may be used as the Mg source; and hydrazine (N 2 H 4 ) 
or monomethylhydrazine . (MMH) dimethylhydrazine ( DMH) may be 

used as the N source. 

5 Although the present embodiment employs a bulk crystal 

for each cladding layer, contact layer, and the like, a 
super lattice structure may instead be adopted. 

Next, through etching, a portion to become a resonator- 
forming region is dug in, until reaching the p-Al 0 .i 0 Ga 0 .9oN 

10 intermediate layer (doping enhancement layer) 1608, whereby a 
stripe shape is obtained a ridge portion is formed above the 
resonator-forming region. The stripe width over the ridge 
portion is about 2 to 3 urn. The. stripe-shaped resonator- 
forming region in the epitaxial layer is masked, and the 

15 epitaxial layer is etched until a portion of the n-type 
contact layer 1602 is exposed. 

Next, a portion of the upper face of the p-type contact 
layer to come into contact with an electrode and a portion of 
the upper face of the n-type contact layer to come into 

20 contact with an electrode are masked, and by a CVD technique 
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or the like, a protective insulating film 1613 composed of 
silicon oxide (Si0 2 ) is deposited on both sides of the ridge 
portion, thus forming a current injection region. In an 
aperture of the insulating film, a p electrode 1612 is formed 

5 on the surface of the p-GaN contact layer 1611, and an n 
electrode 1614 is formed on the surface of the n-GaN contact 
layer 1602. The Mg concentration in the p-GaN contact layer 
1611 is prescribed to be from lxl0 20 cnf 3 to 5*10 20 cirf 3 in order 
to reduce the contact resistance with the p electrode 1612. 

10 Thus, a nitride semiconductor laser as shown in FIG. 12 can 
be fabricated. 

Although the n-side electrode is formed on the upper 
face (i.e., the same side as the p-side electrode) in the 
present embodiment, the n electrode may be formed on the back 
15 face of the n-GaN substrate, thus achieving electrical 
conduction from above and below. 

In the semiconductor laser which is thus obtained, when 
a voltage is applied between the p-side electrode 1612 and 
the n-side electrode 1614, holes will be injected from the p- 
20 side electrode 1612 and electrons will be injected from the 
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n-side electrode 1614 into the MQW active layer 1605. As a 
result, an optical gain is created in the MQW active layer 
1605 due to recombination of holes and electrons, thus 
causing laser oscillation at a wavelength of about 410 nm. 

5 Hereinafter, the effectiveness of the Al mole fraction 

(band gap) of the p-Al 0 .ioGa 0 .9oN intermediate layer (doping 
enhancement layer) 1608 being smaller than that of the p- 
Alo.ieGao.84N overflow suppression layer 1609 and greater than 
that of the p-Alo.03Gao.97N cladding layer 1610 will be 

10 described. 

FIG. 13 is a diagram showing a structure near the active 
layer according to the present embodiment. From the active 
layer side, it is composed of three or more regions of layers 
differing in their film thickness and Al mole fraction (band 
15 gap) * 

In the present embodiment, the portion of the p-AlGaN 
doping enhancement layer 1102 which is doped with Mg 
corresponds to the first p-type nitride semiconductor layer. 
Furthermore, the p-AlGaN overflow suppression layer 1103 
20 corresponds to the second p-type nitride semiconductor layer, 
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whereas the p-AlGaN cladding layers 1104 corresponds to the 
third p-type nitride semiconductor layer. The Al mole 
fraction of the first p-type nitride semiconductor layer is 
prescribed to be higher than the mole fraction of the third 

5 p-type nitride semiconductor layer, and the Al mole fraction 
of the second p-type nitride semiconductor layer is 
prescribed to be higher than that of the third p-type nitride 
semiconductor layer. As a result, in terms of band gap, the 
following relationship is satisfied: second p-type nitride 

10 semiconductor layer > first p-type nitride semiconductor 
layer > third p-type nitride semiconductor layer. 

It is desirable that the Al mole fraction of the first 
p-type nitride semiconductor layer is as high as possible, so 
long as its band gap is smaller than that of the second p- 

15 type nitride semiconductor layer. The existence of the first 
p-type nitride semiconductor layer eliminates doping lags of 
the p-type impurity, and guarantees a sufficient impurity 
concentration for the second p-type nitride semiconductor 
layer. 

20 The desirable Al mole fraction is 5 to 20% for the first 
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p-type nitride semiconductor layer, 10 to 30% for the second 
p-type nitride semiconductor layer, and 3 to 9% (on average) 
for the third p-type nitride semiconductor layer. The most 
desirable Al mole fraction is 6 to 12% for the first p-type 
5 nitride semiconductor layer, 15 to 20% for the second p-type 
nitride semiconductor layer, and 3.5 to 5.5% (on average) for 
the third p-type nitride semiconductor layer. When the 
layers having high Al mole fractions (e.g. the first p-type 
nitride semiconductor layer and the second p-type nitride 
10 semiconductor layer) are constructed so as to be thick, an 
increase in the serial resistance will result; therefore, 
their film thicknesses must be made smaller than that of the 
third p-type nitride semiconductor layer. Accordingly, the 
desirable film thickness of each layer is 1 to 50 nm for the 
15 first p-type nitride semiconductor layer, and 5 to 20 nm for 
the second p-type nitride semiconductor layer. The most 
desirable film thickness is 5 to 20 nm for the first p-type 
nitride semiconductor layer, and 5 to 10 nm for the second p- 
type nitride semiconductor layer. 
20 Note that the Al mole fraction of the first p-type 

64 



nitride semiconductor layer may have a gradient so long as it 
falls within the aforementioned desirable range of Al mole 
fraction. This gradient may be gradual or stepwise. 

Moreover, each region may be a superlattice layer 
5 instead of a bulk layer, so long as it falls within the 
aforementioned desirable ranges of Al mole fraction and film 
thickness. Moreover, bulk layers and superlattice layers may 
both be present. 

According to the present embodiment, it was 
10 experimentally confirmed that a high Mg concentration of 
9xl0 18 cm- 3 or more can be realized in the AlGaN overflow 
suppression layer 1103. 

Although the start of doping falls at the beginning or 
in the middle of the growth of the doping enhancement layer 
15 1102 in the present embodiment, it suffices if Mg doping is 
performed in a whole or a part of the doping enhancement 
layer 1102. It is not necessary for the Mg concentration in 
the doping enhancement layer 1102 to be uniform. 

It is preferable that the p-type impurity concentration 
20 in the overflow suppression layer 1103 is, at the most, in 
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the range from 8*10 18 cnf 3 to 2xl0 19 cm" 3 . It is also preferable 
that the impurity concentration distribution is uniform along 
the thickness direction. 

Thus, insertion of the AlGaN doping enhancement layer 

5 1102 makes it possible to suppress the influence of Mg doping 
lags. Therefore, the Mg concentration in the AlGaN overflow 
suppression layer 1103 having the largest band gap energy in 
the laser structure can be made substantially equal to the Mg 
concentration in the cladding layer. By Thus improving the 

10 hole injection efficiency, the threshold current can be 
reduced, and an increase in the operating voltage due to 
shifting of the pn junction position can be suppressed, for 
example. In particular, by implementing the doping 

enhancement layer 1102 as a superlattice layer, portions 

15 having a high Al concentration can be formed even if the 
average Al mole fraction may be the same, whereby the 
steepness of Mg take-in can be improved. 

Note that, by implementing the overflow suppression 
layer 1103 as a superlattice layer, it becomes possible to 

20 reduce the activation energy of the Mg acceptor, whereby the 
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serial resistance can be reduced. This effect can also be 
obtained with a p-Al 0 .9 0 Ino.ioN acceptor impurity doping start 
layer, which contains In instead of Ga, so long as at least 
Al is contained in the layer in which doping is begun. 

Through such structural measures, if the overflow 
suppression layer can be adequately doped with a p-type 
dopant, carriers can be sufficiently blocked in this layer. 
As a result, it is hardly necessary to take carrier 
confinement in the cladding layers into consideration, and 
thus it is possible to reduce the Al mole fraction of the 
AlGaN cladding layer 1104. As for light confinement, the 
reduced Al mole fractions of the cladding layers can be made 
up for by increasing the thickness of the cladding layers. 

Thus, by controlling the p-type dopant concentration 
through . structural means, the carrier confinement can be 
improved, and low resistance can be realized by reducing the 
Al mole fractions of the cladding layers. As a result, the 
serial resistance of the device can be reduced, and the 
operating voltage can be lowered. 

The present embodiment illustrates a laser structure on 
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a GaN substrate. However, the crystal growth according to 
the present invention may be any crystal growth that utilizes 
the principles under the aforementioned conditions, and the 
substrate is not limited to GaN. It may be a nitride 
5 semiconductor bulk substrate such as AlGaN, InGaN or AlGalnN; 
a sapphire substrate or a silicon carbide substrate; a 
silicon substrate; GaN which is grown on a gallium arsenide 
substrate, etc., or may of course be an ELO-GaN substrate 
which is fabricated via lateral epitaxial overgrowth. 
10 Although the present embodiment illustrates a laser 

device, the present embodiment is not limited thereto, but is 
also applicable to a light-emitting diode device. It is also 
applicable to all devices which have a pn junction and which 
require prevention of electron overflow and low resistance at 
15 the same time. Furthermore, the aforementioned effects will 
be true for BAlGalnN as well as general mixed-crystal 
compound semiconductors containing arsenic (As) or phosphorus 
(P) • 



20 (Embodiment 9) 
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With reference to FIG. 14, a ninth embodiment of the 
nitride semiconductor device according to the present 
invention will be described. 

First, after the surface of an n-GaN substrate 1701 is 
cleaned with an organic solvent and an acid, the substrate 
1701 is placed on a susceptor within a growth furnace. After 
the interior of the growth furnace is sufficiently 
substituted with an N 2 gas, it is heated to 1000°C with a 
heating rate of l°C/second, and the carrier gas is switched 
to H 2 and also ammonia (NH 3 ) begins to be supplied to 
cleaning the substrate surface. It is desirable to perform 
this cleaning for a period of 1 minute or more. Thereafter, 
trimethylgallium (TMG) and monosilane (SiH 4 ) begin to be 
supplied to grow an n-GaN layer 1702 having a thickness of 
2 »m f and then trimethylaluminum (TMA) is added to grow an 
n-Alo.05Gao.95N cladding layer 1703 having a thickness of 
1.5 jum. After the TMA supply is stopped and an n-GaN 
optical guide layer 1704 is grown to 0.1 n m, the carrier gas 
is changed to N 2 , the NH 3 supply is stopped, and the growth 
temperature is lowered to 780 °C. 
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Next, by supplying NH 3 , TMG and trimethylindium (TMI ) , 
three periods of semiconductor layers are grown on the 
optical guide layer 1704, where one period consists of an 
Ino.1Gao.9N well layer having a thickness of about 3 nm and an 

5 Ino.02Gao.9sN barrier layer (on the well layer) having a 
thickness of about 7 nm. Thus, a multi-quantum well (MQW) 
active layer 1705 is formed. 

Next, after a non-doped Ino.02Gao.9eN intermediate layer 
1706 having a thickness of 30 nm and a non-doped GaN 

10 intermediate layer 1707 having a thickness of 30 nm are 
grown, the TMG supply is stopped. While supplying N 2 and 
NH 3 , a quick heating to 1000°C is performed, and the carrier 
gas is switched to a gaseous mixture of N 2 and H 2 . The 
supply of TMG and TMA, TMI is restarted, and a p- 

15 Alo.10Gao.s5Ino.05N intermediate layer (doping enhancement layer) 
1708 having a thickness of 45 nm is grown. In the middle of 
the growth of this intermediate layer, an Mg doping with 
bis (cyclopentadienyl) magnesium (Cp 2 Mg) is begun. Then, after 
a p-Alo.i6Gao.75Ino.10N overflow suppression layer 1709 having a 

20 thickness of 10 nm is grown, the carrier gas is quickly 
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switched to H 2 , and a p-Alo.03Gao.97N cladding layer 1710 and a 
p-GaN contact layer 1711 having a thickness of 50 nm are 
stacked in this order. 

Thus, the epitaxial layer composing a semiconductor 
5 laser can be obtained. The ensuing fabricate steps for the 
nitride semiconductor laser are similar to those in 
Embodiment 8, and therefore the descriptions thereof are 
omitted. 

Although magnesium (Mg) is used as a p-type dopant in 
10 the present embodiment, carbon (C) , zinc (Zn) , beryllium 
(Be) , cadmium (Cd) or the like may be used instead. 

Although the MOVPE technique is used as the nitride 
semiconductor growing method in the present embodiment, there 
is no limitation. All methods which have hitherto been 
15 proposed for growing a compound semiconductor crystal, e.g., 
hydride vapor phase epitaxy (HVPE technique) or molecular 
beam epitaxy (MBE technique) , can be adopted. 

In the present embodiment, TMG is used as a Ga source; 
TMA as an Al source; TMI as an In source; Cp 2 Mg as an Mg 
20 source; and NH 3 as an N source. However, there are no 
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limitations so long as the crystal growth utilizes the 
principles under the aforementioned conditions. 

Triethylgallium- (TEG) or gallium chloride (GaCl or CaCl 3 ) may 
be used as the Ga source;. triethylaluminum (TEA), 
5 dimethylaluminum hydride (DMAH) , or dimethylaluminum chloride 
(DMAC1) may be used as the Al source; triethylindium (TEI) 
may be used as the In source; bis ethylcyclopentadienyl 
magnesium (EtCp 2 Mg) or bis methylcyclopentadienyl magnesium 
(MeCp 2 Mg) may be used as the Mg source; and hydrazine (N 2 H 4 ) , 
10 monomethylhydrazine (MMH) , or dimethylhydrazine (DMH) may be 
used as the N source. 

Although the present embodiment employs a bulk crystal 
for each cladding layer, contact layer, and the like, a 
superlattice structure may instead be adopted. 
15 Next, the effectiveness of the Al mole fraction (band 

gap) of the p-Alo.10Gao.85Ino.05N intermediate layer (doping 
enhancement layer) 1708 being smaller than that of the p- 
Alo.1eGao.75Ino.10N overflow suppression layer 1709 and greater 
than that of the p-Alo.03Gao.97N cladding layer 1710, and the 
20 effectiveness of an In mole fraction being contained in the 
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p-Alo.i6Gao.75Ino.10N overflow suppression layer 1709 and the p- 
Alo.10Gao.e5Ino.05N intermediate layer 1708 will be described. 

A feature of the structure employed in the present 
embodiment is that the p-Alo.10Gao.s5Ino.05N intermediate layer 
5 (doping enhancement layer) 1708, which is a layer having a 
relatively high Al mole fraction, is inserted immediately 
before the AlGalnN electron overflow suppression layer, and 
Mg doping is begun during the formation of the p- 
Alo.10Gao.s5Ino.05N intermediate layer. As has been described in 
10 Embodiment 8, an alloy semiconductor layer which contains Al 
has a great feature in that a p-type impurity (e.g., Mg) is 
likely to be taken into it, and thus doping lags are unlikely 
to occur. Moreover, there is an Al mole fraction dependence 
in how likely the p-type impurity is to be taken in. With 
15 respect to Al mole fractions ranging from 0% to 50%, the 
amount of p-type impurity that is taken in increases with an 
increase in the Al mole fraction. 

In the present embodiment, AlGalnN (which contains In) 
is used in order to reduce the lattice constant difference, 
20 unlike in Embodiment 8 where AlGaN having a large lattice 
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constant difference from InGaN is simply placed near the 
active layer. By adopting this structure, the lattice 
constant difference can be reduced while reducing doping lags 
with the high Al mole fraction, thus eliminating non- 

5 uniformity of strain in the well layers composing the active 
layer as much as possible, and reducing the influence on the 
emission characteristics . 

FIG . 15 is a diagram showing a structure near the active 
layer according to the present embodiment. From the active 

10 layer side, it is composed of three or more regions of layers 
differing in their film thickness, Al mole fraction (band 
gap), and In mole fraction. In the present embodiment, the 
p-AlGalnN doping enhancement layer . 1803 corresponds to the 
first p-type nitride semiconductor layer; the p-AlGalnN 

15 overflow suppression layer 1804 corresponds to the second p- 
type nitride semiconductor layer; and the p-AlGaN cladding 
layer 1805 corresponds to the third p-type nitride 
semiconductor layer. The Al mole fraction (band gap) of the 
first p-type nitride semiconductor layer is chosen so as to 

20 be smaller than that of the second p-type nitride 



semiconductor layer and greater than that of the third p-type 
nitride semiconductor layer. It is desirable that the Al 
mole fraction of the first p-type nitride semiconductor layer 
is as high as possible, so long as its band gap is smaller 

5 than that of the second p-type nitride semiconductor layer. 
In addition to this, since an In mole fraction is contained 
in the second p-type nitride semiconductor layer and the 
first p-type nitride semiconductor layer, it is possible to 
reduce the lattice constant difference from the active layer 

10 which is present in their neighborhood- The existence of the 
first p-type. nitride semiconductor layer eliminates doping 
lags of the p-type impurity, which would have occurred in 
conventional structures, and guarantees a sufficient impurity 
concentration for the second p-type nitride semiconductor 

15 layer. 

Note that the desirable Al mole fraction is 5 to 20% for 
the first p-type nitride semiconductor layer, 10 to 30% for 
the second p-type nitride semiconductor layer, and 3 to 9% 
(on average) for the third p-type nitride semiconductor 
20 layer. The most desirable Al mole fraction is 6 to 12% for 
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the first p-type nitride semiconductor layer, 15 to 20% for 
the second p-type nitride semiconductor layer, and 3.5 to 
5.5% (on average) for the third p-type nitride semiconductor 
layer. The desirable In mole fraction is 1 to 20% for the 

5 first p-type nitride semiconductor layer, and 1 to 30% for 
the second p-type nitride semiconductor layer. Thus, it is 
desirable to prescribe the In mole fraction to be at least 
smaller than the Al mole fraction of each layer. 

In the present embodiment, since the Al mole fraction of 

10 the second p-type nitride semiconductor layer is prescribed 
to be higher than the Al mole fraction of the first p-type 
nitride semiconductor layer, the In mole fraction is also 
prescribed to be higher in the second p-type nitride 
semiconductor layer than in the first p-type nitride 

15 semiconductor layer. As a result, the differences between 
the lattice constants of the respective layers can be made 
. small, and the strain in the active layer can be further 
reduced. However, in the case where the distance from the 
first p-type nitride semiconductor layer to the active layer 

20 is relatively close, the lattice constant of the first p-type 
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nitride semiconductor layer may exert a greater influence on 
the strain in the active layer than does the second p-type 
nitride semiconductor layer having a large Al mole fraction. 
In such a case, it is preferable to prescribe the In mole 
5 fraction so as to be smaller in the second p-type nitride 
semiconductor layer (p-AlGalnN overflow suppression layer 
1904) than in the first p-type nitride semiconductor layer 
(p-AlGalnN doping enhancement layer 1903), as shown in FIG. 
16. 

10 Moreover, when the layers having high Al mole fractions 

(e.g., the first p-type nitride semiconductor layer and the 
second p-type nitride semiconductor layer) are made thick, an 
increase in the serial resistance will result; therefore, the 
film thicknesses of these layers must be made smaller than 

15 that of the third p-type nitride semiconductor layer. 
Accordingly, the desirable film thickness of each layer is 1 
to 50 nm for the first p-type nitride semiconductor layer, 
and 5 to 20 nm for the second p-type nitride semiconductor 
layer. A more desirable film thickness is 5 to 20 nm for the 

20 first p-type nitride semiconductor layer, and 5 to 10 nm for 
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the second p-type nitride semiconductor layer. 

Note that the Al mole fraction and the In mole fraction 
of the first p-type nitride semiconductor layer may have a 
gradient so long as they fall within the aforementioned 

5 desirable ranges of Al mole fraction and In mole fraction. 
This gradient may be gradual or stepwise. Moreover, each 
region may be a superlattice layer instead of a bulk layer, 
so long as it falls within the aforementioned desirable 
ranges of Al mole fraction, In mole fraction, and film 

10 thickness. Bulk layers and superlattice layers may both be 
present . 

With the structure of the present embodiment, a high Mg 
concentration of 9xl0 18 cm~ 3 or more was experimentally 
confirmed, already in the neighborhood of the interface of 

15 the AlGalnN electron overflow suppression layer 1804 with the 
p-AlGalnN doping enhancement layer. This value is on a 
comparable level to the Mg concentration illustrated in 
Embodiment 8, indicative that similar doping effects can be 
obtained also in the case where the lattice constant 

20 difference is reduced with an In mole fraction, so long a 
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high Al mole fraction is used. The doping start position 
must be at the beginning or in the middle of the doping 
enhancement layer 1803. Note that it suffices if impurity 
doping is performed in a whole or a part of the doping 

5 enhancement layer, and it is not necessary for the impurity 
concentration to be uniform within the layer. As for the 
doping concentration in the overflow suppression layer 1804, 
it is desirable that uniform doping with a p-type impurity 
of, at the most, from 8*l0 18 cm~ 3 to 2xl0 19 cm~ 3 is obtained. 

10 Thus, insertion of the AlGalnN doping enhancement layer 

1803 makes it possible to suppress the influence of Mg doping 
lags, and the Mg concentration in the AlGalnN electron 
overflow suppression layer 804 having the largest band gap 
energy in the laser structure was made substantially equal to 

15 the Mg concentration in the cladding layer. By improving the 
hole injection efficiency, the threshold current can be 
reduced. . In particular, by implementing the doping 
enhancement layer 1803 as a superlattice layer, portions 
having a high Al concentration can be formed even if the 

20 average Al mole fraction may be the same, whereby the 
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steepness of Mq take-in can be improved. Moreover, by 
implementing the overflow suppression layer 1804 as a 
superlattice layer, it becomes possible to reduce the 
activation energy of the Mg acceptor, whereby the serial 

5 resistance can be reduced. 

Through such structural means, if the overflow 
suppression layer 1804 can be adequately doped with a p-type 
dopant, carriers can be sufficiently blocked in this layer. 
As a result, it is hardly necessary to take carrier 

10 confinement in the cladding layers into consideration, and 
thus it is possible to reduce the Al mole fraction of the 
AlGaN cladding layer 1805. Note that, as for light 

confinement, the reduced Al mole fractions of the cladding 
layers can be made up for by increasing the thickness of the 

15 cladding layers. Thus, by controlling the p-type dopant 
concentration through structural means, the carrier 
confinement can be improved, and low resistance can be 
realized by reducing the Al mole fractions of the cladding 
layers. As a result, the serial resistance of the device can 

20 be reduced, and the operating voltage can be lowered. 
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The present embodiment illustrates a laser structure on 
a GaN substrate. However, the crystal growth according to 
the present invention may be any crystal growth that utilizes 
the principles under the aforementioned conditions, and the 

5 substrate is not limited to GaN. It may be a nitride 
semiconductor bulk substrate such as AlGaN, InGaN or AlGalnN; 
a sapphire substrate or a silicon carbide substrate; a 
silicon substrate; GaN which is grown on a gallium arsenide 
substrate, etc., or may be an ELO-GaN substrate which is 

10 fabricated via lateral epitaxial overgrowth. 

Although the semiconductor devices in the above- 
described embodiments are all laser devices, the present 
invention is not limited thereto, but is also applicable to 
all nitride semiconductor devices which have a pn junction 

15 and which require prevention of electron overflow and low 
resistance at the same time. For example, the present 
invention is applicable to a nitride semiconductor device 
such as a light-emitting diode device, a photosensitive 
device, or a transistor. 

20 Although Mg is used as the p-type acceptor impurity in 
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all of the above-described embodiments, carbon (C) , zinc 
(Zn), beryllium (Be), or cadmium (Cd) may be added besides. 
Mg. The nitride semiconductor to be doped with Mg may be 
BAlGalnN, or an AlGalnNAsP alloy compound semiconductor 
5 containing As and P. 

INDUSTRIAL APPLICABILITY 

According to the present invention, a p-type acceptor 
impurity doping start layer which has a greater band gap 

10 energy than that of an active layer and a smaller band gap 
energy than that of an electron overflow suppression layer is 
provided, whereby a steep acceptor impurity profile which is 
free from doping lags due to the memory effect can be 
realized. As a result, a low threshold current/low operating 

15 voltage compound semiconductor light receiving/emitting 
device having a high reliability can be fabricated with a 
good reproducibility and uniformity. 

As such, a nitride semiconductor device according to the 
present invention is useful mainly as a light source in 

20 fields that are related to optical disks, and can also be 
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applied in laser printers, bar-code readers, and the like. 
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